Generally, reactive powder concrete (RPC) contains steel fibers often exposed to aggressive environments. Steel fibers in such RPCs are subjected to corrosion in-service, which can significantly change the mechanical properties of the structural components. In this paper, basalt fibers were used to replace steel fibers for preparing a new basalt fiber modified reactive powder concrete (BFRPC). The bending resistance of BFRPC beams was studied, and the crack propagation and failure type of BFRPC beam were monitored by acoustic emission (AE). During the bending test, the failure type of BFRPC was evaluated by AE. Besides, the effects of notch and interfacial damage on the bending resistance and failure type were also studied. During the test, ordinary Reactive Powder Concrete (RPC) without basalt fibers was used as a reference. Results revealed that failure type of the RPC beam and BFRPC beam was mainly caused by shear failure. The notch increased the number of tensile cracks in the beam failure crack, resulting in a decrease in the bending resistance of RPC beam and BFRPC beam. Besides, basalt fiber could improve the toughness and bending resistance of BFRPC beam and increase resistance of the BFRPC beam to notch and interface damage.
Introduction
RPC is a new and advanced type of ultra-high-performance concrete that appeared in the 1990s [1] . In RPC material, coarse aggregate is replaced with fine quartz sand compared with ordinary concrete, which makes for RPC with excellent mechanical properties. Besides, RPC is considered to be a new cement-based material with excellent properties that could effectively improve the compactness of concrete material [2, 3] . Therefore, RPC material has the characteristics of ultra-high-strength, high toughness, high durability, and high-temperature adaptability, which could effectively increase the spanning capacity. RPC has therefore been widely used in varying infrastructure construction [4] .
Similar to ordinary concrete, RPC is prone to brittle failure without fiber [5, 6] . Therefore, steel fiber (SF) is usually added to RPC to enhance its crack resistance [7] . However, SF is prone to rust, which will deteriorate the durability of the RPC structure in the long-term. Besides, literature has reported that glass fiber (GF) and carbon fiber (CF) can be used in RPC material; GF, however, has poor alkali resistance and CF is uneconomic [8, 9] . Basalt Fiber (BF) is a new type of inorganic fiber with natural compatibility and excellent mechanical properties. It is made of pure natural basalt ore and molded by the melt drawing process; there is no wastewater, waste gas, and other industrial waste during its production process. Moreover, the density of BF is similar to that of cement concrete and mortar, so it has a unique advantage for the even distribution of BF in concrete mortar. Previous studies [10] [11] [12] [13] [14] [15] have indicated that BF could increase the bending ductility, bending resistance, shear strength, and bearing capacity of concrete beams. Garcia et al. [16] and Chandran et al. [17] used BF composite materials to reinforce the wooden and concrete beams, respectively. Krassowska et al. [18] found that BF had the ability to transmit shear stress in the beam structure. However, there are few studies focused on the application of BF to enhance RPC material properties, and so it is should be paramount to evaluate the application and durability of BF modified RPC materials in road and bridge engineering.
With the development of new technology, many new crack monitoring methods have appeared. Non-extended statistical modeling of electrical emissions were used to predict the fracture of mortar beams by Stergiopoulos et al. [19] . In addition, as a new non-destructive testing method, AE has been widely used for the damage monitoring of various materials [20] such as marble [21] , joint specimens [22] , buried pipe deformation [23] , and polymer structure [24] . Zhou et al. [25] proposed a method to reconstruct the denudation of sedimentary basin by using AE, a technique which is also effective in monitoring the tensile failure mechanism of carbon fiber woven composites [26] . Manterola et al. [27] detected the crack propagation of welded joints based on AE testing and obtained good results. Ylönen et al. [28] evaluated the potential contribution of AE measurements to cavitation damage, concluding that AE signal analysis can be used to monitor the formation of pits without visual examination of the damaged surface. Abouhussien et al. [29] used AE technology to evaluate the compressive strength gain of concrete with different supplementary cementitious materials, finding that the strength gain rate of concrete is directly related to the AE parameters studied. Ali et al. [30] studied the damage evolution of carbon fiber reinforced composites under bending loads, proving the effectiveness of AE in damage determination by scanning electron micrographs. Hakeem et al. [31] used AE signal strength to predict the occurrence of cracks in beams. Calabrese et al. [32] used AE technology to study the cracking characteristics of prestressed concrete beams, clearly identifying the initiation, expansion, and critical failure stages of cracks. Moreover, Shirsendu et al. [33, 34] demonstrated the reliability of AE monitoring for damage sources, proposing a real-time health monitoring framework based on AE, which can effectively identify potential damage initiation/propagation locations in advanced sandwich composite structures. Ohtsu et al. [35] defined new AE parameters, load ratio, and static pressure ratio, to determine structural damage. It can be summarized from previous work that AE technology is excellent in the fields of crack propagation monitoring, damage monitoring and failure type judgment. Therefore, AE technique was used in this paper to monitor the crack propagation and failure types of BFRPC beams.
In summary, although there are lots of laboratory studies about the mechanical properties of RPC material, the bending resistance and failure type of BFRPC beams under the effects of the notch and interfacial damage is not clear. In this paper, BF was used to replace SF for modifying RPC materials as BFRPC. The bending resistance of BFRPC beam under the conditions of notch and interfacial damage was analyzed, and the damage type of BFRPC beam was studied by AE. It will lay a foundation for the popularization and application of BFRPC in the actual engineering projects.
AE Technology
When the material is damaged under external load or internal stress, the strain energy generated by the failure is converted into the elastic wave for release. Bentahar et al. [36] characterized the damage by releasing elastic energy at each step of the material damage process. AE refers to the collection and analysis of such elastic waves by Acoustic devices. Compared to ordinary concrete, the homogeneity of BFRPC is greatly improved, but there are a large number of micro-pores, and many micro-cracks will be generated during the curing process. During the failure process, micro-cracks initiation and propagation of micro-cracks eventually led to the destruction of BFRPC structure. This failure process contains a large number of AE signals. The information contained in the AE signal of the BFRPC beam during this process and the correlation analysis with the mechanical parameters of the RPC beam can be used to understand damage information of the BFRPC beam.
The information in AE signals is usually expressed by direct and indirect parameters. Direct parameters are the data recorded directly by AE equipment, while indirect parameters are further calculated by direct parameters. Figure 1 shows the basic parameters of AE signal. As can be seen from Figure 1 , the direct parameters include threshold, amplitude, counts, duration, rise time, and energy. The setting of the threshold can effectively filter out the influence of ambient noise on the test data, so as to reflect the real failure condition of the material more truly. Amplitude is the maximum voltage corresponding to the signal peak value. Counts are the number of times that the AE signal exceeds the threshold during the duration. Duration refers to the time interval between the AE signal trigger time and the disappearance time. The rise time refers to the time interval between the AE signal trigger time and peak amplitude time. Energy is the measured area below the AE signal envelope.
Indirect parameters include average frequency (AF) and RA values, etc. In concrete materials, the classification of crack types is proposed, using the combination of the AF values and RA values. This classification technique has been standardized (JCMS 2003) and is shown in Figure 2 [37] . The calculation process is shown in Equations (1) and (2). When the material deforms locally, tensile waves and shear waves occur at the deformation position. Tensile wave has fast wave velocity, large amplitude, and short rise time, which is characterized as higher AF value and lower RA value in the AE signal. On the contrary, the shear wave velocity is slow. The slower wave velocity leads to longer rise time and duration, which indicates that the AF value is lower, and RA value is higher in the AE signal.
Experimental Details

Materials
The materials required for BFRPC are quartz sand, quartz powder, silica fume, cement, water, water reducer, and basalt fiber. Quartz sand has the properties that the hardness is 7.0, the silicon content is 99.4%, and the melting point is 1750 degrees. Quartz sand is sieved through 0.3 mm and 0.6 mm square holes for further experiments. The chemical composition of quartz sand is shown in Table 1 . The size of quartz powder is 400 mesh and the silicon content of quartz powder is more than 98%. The mass fraction of silica fume is 93.3% and the specific surface area is 18,100 m 2 /kg. The P.O 42.5 cement produced by Jilin Yatai Cement Co., Ltd. (Jilin, China) is used. The chemical composition of silica fume and cement is shown in Figure 3 . The basic properties of basalt fibers (as shown in Figure 4 ) are shown in Table 2 . In addition, the test steel bar is Q235 hot-rolled round steel bar with a diameter of 8 mm and a length of 380 mm. The response surface method was adopted to design the mix proportion of this kind of concrete in our previous study [38] . In this study, the best mix proportion obtained by the response surface method was selected. Mix proportions of RPC and BFRPC were shown in Table 3 . 
Sample Preparation
Three test beams for RPC and BFRPC were made, respectively. Each beam has different conditions, as shown in Table 4 . The size of the test beam is designed as 400 mm × 100 mm × 100 mm. In order to enhance the bending resistance of the experimental beam, three steel bars are arranged for each specimen. Figure 5 shows the positions of steel bar, notch, and interfacial damage. 
The item is not included. 2 The item is included. The notch in Figure 5b ,c was created by prepositioning, which usually involves inserting a thin copper sheet into the concrete and removing it before curing. However, the notch made by this method is easily filled with surrounding materials in the subsequent curing process, which will affect the accuracy of test results. In this paper, wood sheet is used instead of copper sheet. After the specimen is cured and molded, the wood sheet is taken out, which can avoid the test error caused by the preset copper sheet. Besides, the interfacial damage in Figure 5c is achieved by wrapping filter paper on the surface of steel bars.
Experimental Procedure
The specimen should be cured in steam at 90 • C for 48 h. Then hydraulic testing machine was used to test the bending resistance of each test beam. At the same time, AE technology was used to monitor the crack propagation and failure mode of the test beam. The experimental procedure is shown in Figure 6 . 
Bending Test
The three-point bending is adopted to conduct the bending test for RPC and BFRPC beams. WAW-300kN microcomputer controlled electro-hydraulic servo universal testing machine was selected as the loading device. The calculated span of the test beam was 300 mm. Loading layout and AE sensors layout are shown in Figure 7 . AE equipment SAEU2S was used to monitor crack propagation of RPC and BFRPC beams under bending loads. The AE data acquisition system was used to collect AE parameters and AE wave data during the bending test. First, AE sensor with a frequency range of 60-400 kHz and model SR150M were fixed on one side of the beam to monitor the crack propagation. Then, signal connection judgment should be made before test to ensure that AE sensor was well fixed. The next step is to set the AE acquisition parameters. The threshold of AE acquisition system was set as 40 dB to filter environmental noise. Low-pass and high-pass filters were set to 20 kHz and 400 kHz, respectively, to filter out electrical noise. The sampling frequency was 5MSPS.The peak definition time, hit definition time and hit lockout time were set to 50, 150 and 300 ms, respectively, to ensure correct identification of the signal. Figure 8 shows the experimental setups for the bending test and AE test. 
Results and Discussion
Bending Resistance
The failure load of all beams is shown in Figure 9 . As can be seen from Figure 9 , due to existence of the notch, failure loads of the RPC beam and BFRPC beam are reduced by 27 kN and 7 kN, respectively. Under the influence of interfacial damage, the failure load of RPC beam and BFRPC beam are reduced by 51 kN and 48 kN, respectively. The results show that both notch and interfacial damage can reduce the bending resistance of RPC and BFRPC beam, and the interfacial damage has a greater impact on the bending resistance. The reason for this is that the notch accelerates the formation and expansion of the cracks and reduces the bending capacity of the beam. However, the interfacial damage directly causes the insufficient bonding force between the steel bar and the concrete, which reduces the local mechanical properties of the beam body in the damaged area. It is a macroscopic manifestation of the influence of large-area corrosion of the steel bar on the stress characteristics of the beam. Besides, the failure load of the BFRPC beam was greater than that of the RPC beam under the corresponding conditions, which indicates that BF can increase the failure load of RPC and reduce the adverse effects of the notch and interfacial damage on the failure load.
AE Basic Parameter
The changes in AE parameters can reflect the information about the concrete failure process. In order to select appropriate AE parameters to understand the influence of BF, notch and interfacial damage on the bending performance of RPC beam, the BFRPC beam was taken as an example, and the variation diagram of its load curve and AE basic parameters (cumulative energy, hits, cumulative counts, amplitude, and duration) with the loading time are drawn in Figure 10 .
As shown in Figure 10 , at the time of 700 s, there is an obvious abrupt change in the load curve, which is caused by the tensile failure of the concrete at the bottom of the beam. At this point, the duration of AE parameter (shown in Figure 10e ) suddenly increased. At 2500 s, the beam is damaged and the duration increased rapidly again, which indicates that duration of the AE parameter is consistent with the change of beam structure. Therefore, the loading process of the beam can be divided into three stages by the sudden increase of the duration.
In the first stage, 0-700 s, the cumulative energy, hits, and cumulative counts of AE parameters are too small, so it can be ignored, and the amplitude is within the range of 40-60 dB. This phenomenon indicates that the BFRPC beam is in the early stage of loading, with fewer micro-cracks and a smaller number and strength of AE events. This stage belongs to the cracks initiation stage. Besides, in the second stage, 700-2500 s, the cumulative energy, hits and cumulative counts of AE parameters begin to increase and increasing rates of all these parameters are relatively stable. The amplitude also increases, and the range of this parameter is 40-80 dB. This phenomenon indicates that the cracks in BFRPC beam begin to expand, and this stage belongs to the unstable development stage of cracks. In addition, in the third stage, after 2500 s, cumulative energy, hits, and cumulative counts of AE parameters increase sharply. This indicates that the cracks expand rapidly, which leads to the failure of the beam. This stage belongs to the failure stage.
The above three stages show that AE parameters could accurately reflect the damage degree of the RPC beam structure from the scale of micro-cracks and effectively judge the failure stage of the beam body. Next, the cumulative energy and amplitude parameters are selected to further study the influence of BF, notch, and interfacial damage on the bending performance of RPC beams. The AE cumulative energy and amplitude of RPC beam, BFRPC beam, BFRPC-N beam, and BFRPC-N-ID beam are selected for analysis. The cumulative energy and amplitude change curves with time are shown in Figures 11 and 12 , respectively. As can be seen from Figure 11 , after 700 s, the cumulative energy begins to increase. At that time, the beam stress enters the second stage and the cracks begin to expand, which is suitable for analyzing the influence of BF, notch, and interfacial damage on the bending performance of the beam. Figures 11a  and 12a ,b can reflect that the cumulative energy and amplitude of the BFRPC beam are greater than that of the RPC beam in the second stage. The reason is that BFPRC belongs to BF reinforced material. In the process of material cracking, both BF and concrete will be pulled to break. Compared to RPC, the AE signals in BFRPC not only generated from the broken concrete but also from the broken BF. In the third stage, the cumulative energy of the BFRPC beam is greater than that of the RPC beam, because the accumulated deformation energy of BF reaches the limited value that it can bear. BF is pulled out or fractures, and the potential energy absorbed through BF deformation is released instantly, generating more AE signals and causing a sharp increase in cumulative energy. In addition, Figure 11a shows that in the 1500 s and 2000 s, the accumulated energy of RPC beam has a mutation but BFRPC beam has no mutation, which indicates that RPC beam is prone to brittle fracture. BF can absorb part of the external load potential energy through deformation, reducing the potential energy used for the crack expansion. Furthermore, the cracks propagation is controlled and the toughness of RPC is improved. Figures 11b and 12b,c show that the AE event number, cumulative energy, and amplitude of BFRPC-N beam are significantly lower than that of BFRPC beam, and the AE event number, cumulative energy, and amplitude of BFRPC-N-ID beam are significantly lower than that of BFRPC-N beam. Moreover, it cannot be obviously observed that the energy release when the damage of BFRPC-N beam and BFRPC-N-ID beam occurs. The reason is that the external load potential energy will not be transferred to BF, and the damage will be released directly at the place notch and interfacial damage, which is also the essential reason why the notch and interfacial damage reduces the bending resistance of the beam. Therefore, notch and interfacial damage should be monitored in the actual engineering projects.
Failure Type
According to Figure 6 , AE parameters AF and RA can be used to classify the failure modes of cracks formed in test beams. When the RA value is large and the AF value is small, the failure cracks mainly belong to shear cracks, which are generated by shear waves. On the contrary, when AF value is large and RA value is small, the cracks mainly belong to tensile cracks that are generated by tensile waves. Figure 13 shows the curves of RA and AF values of BFRPC beam and BFRPC-N beam with experimental duration. It can be seen from Figure 13 that the variation tendency of the RA values and AF values of the AE signals generated from BFRPC beam and BFRPC-N beam are almost the same, indicating that the cracks formed in both the test beams are composed of shear cracks and tensile cracks. Furthermore, in order to distinguish that the failure cracks formed in test beams belong to tensile or shear cracks more clearly, parameters Φ is defined and calculated by Equation (3).
Φ =
RA − AF > 0, Shear cracks predominate RA − AF < 0, Tensile cracks predominate
Φ > 0 indicates that the cracks that formed in the beams mostly belong to shear mode cracks. The larger the Φ value is, the greater the damage caused by shear action. On the contrary, if Φ < 0, cracks that formed in the beams belong to tensile mode cracks. The smaller the Φ value is, the greater the damage caused by tensile action. In addition, the mutation of the Φ value curve shows that failure mode changes within the beam. In order to analyze the proportion of these two kinds of crack modes more clearly, the percentage of the AE signals with the characteristics of Φ > 0 or Φ < 0 is also calculated in this paper. In addition, RPC beam, BFRPC beam, BFRPC-N beam and BFRPC-N-ID beam are selected to understand the influence of BF, notch, and interfacial damage on the beam failure cracks. Φ value curves are shown in Figure 14 , and all the curves can be divided into three stages by the same method discussed in Section 4.2. Figure 14c ,d have no crack initiation stage due to the existence of notch, which is met well with the phenomenon in the bending test procedure. It can be seen from Figure 14 that shear cracks of all RPC beams account for more than 80% of the total cracks, indicating that shear mode plays the dominant role in the beam failure process, which can infer that flexure strength of both RPC and BFRPC beam is such big that the possibility of tensile failure occurs is tiny during their service life in the actual engineering projects.
Besides, as seen from Figure 14a ,b, when the beam contains BF material, Φ value of beam in the second stage has an obvious increasing tendency. The reason is that the bridging action from BF could transform the tensile mode cracks to shear mode cracks. Compared to the BFRPC beam in Figure 14b ,c, the proportion of shear cracks in BFRPC-N beam reduces by 13% and the tensile cracks increases by 13%, indicating that notch causes more tensile failure of concrete, which is due to the stress concentration caused by the notch, which accelerates the rapid destruction of the material. This is also the main reason for the reduction of bending resistance caused by the notch. The notch is in the middle of the bottom of the beam. When the beam is subjected to bending load, the material at the notch of the beam will be subjected to more tensile action, which will lead to more tensile cracks.
Moreover, as can be seen from Figure 14c ,d, compared with BFRPC-N beam, the proportion of tensile mode cracks formed in the BFRPC-N-ID beam are reduced by 10%, and Φ value decreases along with the experimental duration. It shows that the combined action of interfacial damage and notch further reduces the contribution of concrete materials properties to the bending resistance of the test beams. The interfacial damage reduces the area of the contact surface between the steel bar and the concrete. Once the steel bar is stressed, the effective bond force decreases, and the concrete on the contact surface is instantly damaged by the steel bar, resulting in the number of shear mode cracks increase around the steel bar, which could also explain why the bending resistance of RPC-N-ID beam is the smallest.
Conclusions
In this paper, BF was used to replace SF for modifying RPC materials as BFRPC. Besides, notch and interfacial damage was treated as the typical deteriorated factor of durability and applied for breaking the prepared RPC and BFRPC test beams for analyzing the influence of notch and interfacial damage on the bending resistance of both the two kinds of test beams. Besides, AE technology was employed for analyzing the failure type and crack modes in a microscopic cracking level. The following conclusions can be achieved:
(1) Failure of the RPC beam and BFRPC beam is mainly caused by shear action.
(2) The AE signals show that the stress concentration caused by the notch will increase the number of tensile cracks in the beams, and the interfacial damage reduces the resistance to shear action. (3) BF is an excellent material to modify RPC material. BF can not only improve the toughness and bending resistance of BFRPC beam, but also increase the resistance of BFRPC beam to the notch and interface damage.
Engineers and technicians can utilize AE basic parameters and RA-AF value curves to evaluate the damage and cracking status of in-service RPC or modified RPC structures effectively. 
